The article describes horizontal structure of the tree layer, natural regeneration, snags and crown projections of natural beech stands on three permanent research plots in the wide altitudinal range in the Krkonoše Mts (Czech Republic). The spatial structure was classified from 1980 to 2010 and subsequently the prediction of spontaneous development with an outlook for 30 years (to 2040) was done by growth simulator. Hopkins-Skellam index, Pielou-Mountford index, Clark-Evans index and Ripley's K-function were calculated. Further, the vertical structure and total diversity index was evaluated. The horizontal structure of individuals in the tree layer had not changed significantly during the monitored years. Tree spatial pattern of the lowest altitude lying herb-rich beech forest was mostly regular to random, in acidophilous mountain beech forest predominantly random and in fragments of beech groups around the timberline aggregated. Juvenile growth on all investigated plots was distributed aggregated and snags randomly. The horizontal structure of crown projection centroids had always higher values toward the regularity than tree layer and was random to regular. The result of principal component analysis also confirmed that spatial pattern was dependent on the altitude, but also on the number of trees.
Introduction
Modifications of spatial patterns of important forest attributes such as living mature trees and their crowns, deadwood and natural regeneration along altitudinal gradient may result from various environmental conditions such as climate, edaphic conditions, disturbance regime and human impact. Surprisingly these aspects have been studied along extensive altitudinal gradients worldwide (Barrera et al. 2000; Motta et al. 2006; Holeksa et. al. 2007; Girardin et al. 2014 ), but less information has been gathered from temperate zone with special focus on beech dominated forests.
Due to its ecological plasticity and broad ecological amplitude European beech (Fagus sylvatica L.) occurs over a wide range of mesic soils, with pH ranging from 3.5 to over 7.0, and humus form mull to mor with the exception of pseudogleys, or soils with reducing conditions within 20 cm from the soil surface (Le Tacon 1981; Otto 1994) . In central Europe beech dominates the major and central part of the moisture and nutrient range of forests and is absent only where rain is insufficient, or where the soil is too dry (Ellenberg 1996) . In the conditions of the Czech Republic, beech occurred originally in the submontane, montane and subalpine zones from 300 m a.s.l. to 1300 m a.s.l. (Neuhäuslová et al. 1998 ), but was on most sites replaced by Norway spruce (Picea abies /L./ Karst) as economically more interesting species. In the present Czech Republic, the representation of beech has been reduced from more than 40% of the natural representation to less than 8% today (Ministry of Agriculture of the Czech Republic 2013) and most beech forest have been modified in their tree species composition and structure.
In Central European conditions extensive remnants of old-growth beech forests remain to a larger extent in the Carpathians, but in the absence of strong human impact valuable examples of natural or near-natural beech stands are also known from the Central European middle-mountains including also the mountain range of the Sudetes (Jeník 1998) . Man-made forest stands mostly have lower volumes of dead wood (standing and fallen) - (Christensen et al. 2005) , simplified DBH and age structure and regular distribution of trees, while natural forest stands that originate from natural regeneration (from seeds, vegetative sprouts or by layering) usually have an aggregated or randomly irregular initial distribution (Vacek et al. 2010a (Vacek et al. , 2010b and generally higher structural heterogeneity (Rademacher et al. 2001; Rozas 2006 ). In the course of stand development this type of distribution changes toward moderately regular distribution in favourable environmental conditions (Korpeľ 1995; Wolf 2005) , while in less favourable conditions more irregular or aggregated structures are expected (Vacek et al. 2010b) .
Commonly, structural indices and functions are used to study the structure of forest stands. In numerous studies on horizontal structure of forest stands, distribution indices based on a distance of trees to the nearest neighbour have frequently been used for a long time. Probably the best-known aggregation index R (Clark and Evans 1954) compares the actual distance of a tree to its nearest neighbour with a distance fulfilling the condition of purely random stand structure given by the Poisson probability distribution. Frequently are also used distribution indices based on a distance between a randomly selected point and actual positions of trees. The first index of this type was proposed by Hopkins and Skellam (1954) ; it is based on the principle that the population has a random distribution in case that the distribution of distances from any point to its nearest neighbour coincides with the distribution of distances from a randomly selected tree to its nearest neighbour. The same principle was applied e.g. by Mountford (1961) .
In the seventies of the 20 th century the first distribution functions were proposed (Geyer 1999) with the objective to express the horizontal structure in a continuous way. Their advantage is that they document the intensity of particular types of distribution to various distances (Pretzsch 2009 ). The frequently used K-function (Ripley 1977) shows the mean value of the number of individuals situated at a distance smaller than or equal to r from a randomly chosen individual.
Conversly, a relatively small number of authors have dealt with indices describing the vertical structure (Ferris-Kaan et al. 1998; Weber 1999) . The Arten-profil index (Pretzsch 1992 ) is based on combinations of the Shannon index of species diversity divided into three storeys. Neumann and Starlinger (2001) proposed the vertical evenness index based on tree distribution into four stand layers closely related to their crown projections.
To evaluate the overall diversity of forest stand by means of complexity indices is more suitable than the above-mentioned structural indices aimed at one component of the stand structure only. Complexity index (Holdridge 1967 ) is calculated as the product of dominant height, basal area, tree number and species number, but data on tree distribution are missing in this index (Neumann and Starlinger 2001) . The stand diversity index (Jaehne and Dohrenbusch 1997) is based on the combination of species composition, vertical and horizontal structure and crown differentiation. An extensive overview of indices concerning stand structure diversity is shown for instance in the work of McElhinny et al. (2005) .
In the National park of the Krkonoše Mts. the near-natural management increasingly makes use of natural processes in forest stands, especially of natural regeneration, either spontaneous or controlled (Kooijman et al. 2000) . However, such approach requires deep knowledge of the structure and development of near-natural forest stands in the particular forest stand types. Hence, structural characteristics of autochthonous beech stands at different altitudes may be an important source of knowledge for forest managers and conservationists.
The object of this paper was to evaluate forest structure with different habitat and stand characteristics on three permanent research plots (PRP) representing fragments of autochthonous stands in herbrich beech forests, acidophilous beech forests and in beech groups around the timberline in the eastern Krkonoše Mts. including prediction of their develop-ment by 2040. The aim of our study was to demonstrate the impact of altitude (climatic and edaphic habitat conditions) on the horizontal structure of beech stands in the optimum to the initial break up stage left to be regulated by natural processes.
Materials and Methods

Site descriptions
The study was conducted on three permanent research plots (PRP) situated in the 1 st zone of the eastern part of the Krkonoše National Park, Czech Republic. The National Park is covering area of 550 km 2 and is located on the Czech-Polish border, in Krkonoše Mts. The parent rock is formed mainly by granite, mica schist and phyllite. At the lowest altitudes Cambisols are dominant and above 1,000 m Podzols prevail. Average annual precipitation varies with altitude and aspect from 860 mm to 1260 mm, mean annual temperature decreases with altitude from 6.1°C to 2.6°C.
PRPs were established on given sites in order to cover wide altitude range of European beech (Fagus sylvatica L.) in this locality from herb-rich beech forests (PRP 31) to acidophilous mountain beech forests (PRP 29) and beech forests under the pronounced summit phenomenon (PRP 27). PRPs were established in 1980 and they are 50 × 50 m in size, i.e. 0.25 ha. Fig. 1 shows the localization of PRPs and Table 1 shows the basic characteristics of particular forest stands. Explanatory notes: Age -age of trees in particular tree layers; 6Z0 -dwarf spruce-beech forest growing on the ridge, 6S1 -acid sprucebeech forest with broad buckler fern, 6B9 -rich spruce-beech forest growing on the slope; air pollution threat zones C -2-5% of trees die per year, D -0-2% of trees die per year. 
Data collection
To determine the structure and especially position of all trees, natural regeneration and snags on PRPs was recorded using the FieldMap technology and equipment (IFER-Monitoring and Mapping Solutions Ltd.). The measurement of tree layer comprised all individuals whose breast-height diameter over bark was DBH 1.3 ≥ 4 cm. These secondary characteristics were also measured in trees: DBH 1.3 , height of the tree, height of the green crown setting with a hypsometer Laser Vertex and crown projection at least at 4 points along the crown perimeter. All measurements of tree layer were repeated every fifth year from 1980 to 2010 (with the exception of the first 10-year period) with standard dendrometric methodology (Šmelko 2007) . On each PRP one transect of 50 × 5 m in size (250 m 2 ) was established for the study of horizontal structure of natural regeneration (seedling from 10 cm height to saplings with DBH 1.3 < 4 cm). The transect was outlined so that it would represent the average frequency and maturity of advance growth on the entire PRP.
Data analysis
Horizontal structure was evaluated on the particular plots separately for natural regeneration and for the tree layer. Hopkins-Skellam index (Hopkins and Skellam 1954) , Pielou-Mountford index (Mountford 1961 ), Clark-Evans index (Clark and Evans 1954) and Ripley's K-function (Ripley 1977) were calculated. The horizontal structure of the tree layer is related to the years 1980, 2010 and 2040, that of natural regeneration to 2010, snags and crown projection to 1980 and 2010. The criteria of structural indices are given in Table 2 . For a completely random distribution of points K(r) = πr 2 is applicable. In case that the value K(r) calculated from real data is higher than the expected value, it can be explained as a trend of forming point clusters at a distance r. Inversely, the lower K(r) value indicates a trend of repulsion, i.e. the formation of regular point structures.
To calculate these characteristics describing the horizontal structure across the plot the PointPro 2.1 program (Copyright 2010 Daniel Zahradnik) was used. The test of the significance (α=0.05) of deviations from the values expected for random distribution of points was performed by Monte Carlo simulation. The mean values of K-function were estimated as arithmetic means from K-functions computed for 1 999 randomly generated point structures. In the results statistically significant values (exceeding the confidence interval) are designated with asterisk.
The prediction of the horizontal structure of the tree layer with an outlook of 30 years, using the simulation of spontaneous development and assuming the ecologically stable environment, was done by means of the SIBYLA growth simulator of forest biodynamics (Fabrika 2005) . Individual tree data including their age and coordinates were used as source data. Soil moisture and nutrients were derived from the typological classification system. Climatic information was obtained from a nearby meteorological station at Rýchory. For a higher statistical significance of prediction the 36× repetition of simulation was used (6× repetition of structure generation, 6× repetition of prognosis) - (Špulák and Souček 2010) . The arithmetic mean of variables from repeated simulations was calculated from the resultant value and then the simulation most approaching the mean was chosen. Stand diversity was evaluated by the following indices: Arten-profil index (Pretzsch 1992) , diameter and height differentiation index (Füldner 1995) , where the values range is between 0-1, when 0 represents minimum and 1 the maximum one and total diversity index (Jaehne and Dohrenbusch 1997) , where values B ≥ 9 indicate rich structure, and the index value below 4 indicates a monotonous stand structure. Next, crown projection area and crown closure 
(canopy overlying the forest floor) was derived and stand density index (SDI) was calculated as measure of stand density (Crookston and Stage 1999 
Results
PRP 31
Almost the entire plot of the autochthonous beech stand has a two-storey structure while single trees of the middle storey occur only locally and sparsely. The tree layer is composed only of beech with 236 trees.ha -1 (SDI 0.50). Fig. 2 shows the horizontal structure of this stand in 2010. The total per-hectare crown projection area is 2.06 ha at present and crown closure is 0.87. Neither of these two values has almost changed over 30 years of study. The total per hectare number of natural regeneration recruits is 73 800: beech accounts for 68%, sycamore maple Acer pseudoplatanus L. for 22% and rowan for 9% whereas the representation of the other species (Norway spruce, European ash /Fraxinus excelsior L./ and red elderberry /Sambucus racemosa L./) is below 1%. As a result of the relatively slow and irregular opening-up of canopy height and diameter differentiated natural regeneration is gradually formed there. Crown projection area and crown closure of natural regeneration are 0.12 and 0.10 ha, respectively. Beech, European ash and sycamore maple regeneration is mostly concentrated into biogroups. The other tree species are mostly interspersed as single trees but are also in clumps. Table 3 documents index values of the horizontal structure of individuals of the tree layer. According to all three calculated structural indices (Hopkins-Skel- Changes in horizontal structure of natural beech forests on an altitudinal gradient in the Sudetes 39 lam, Pielou-Mountford and Clark-Evans) the distribution of individuals of the tree layer on this PRP is moderately regular. The moderately regular distribution of the tree layer individuals according to their distance (spacing) is also shown by Ripley's K-function while at a smaller spacing (less than 4 m) the tree distribution on the plot is regular (Fig. 3) . The horizontal structure of this stand has been moderately regular since the beginning of the observation and with the progressive dynamics of the stand the trend of regularity has been slightly increasing. Standing dead wood was from 1980 to 2010 distributed randomly and centroids of crown projection were regular. Table 3 also documents index values of the horizontal structure of natural regeneration recruits. According to all three calculated structural indices natural regeneration on this PRP is aggregated. The clumped distribution of natural regeneration recruits according to their distance is also shown by Ripley's K-function (Fig. 3) . Table 4 documents the values of structural indices (A -Arten-profil index, TM d -diameter differentiation index, TM h -height differentiation index and B -total diversity index) in the autochthonous European beech forest with interspersed sycamore maple on PRP 31 -U Hadí cesty F. It is a stand with high vertical diversity that has hardly changed during the stand development. Medium diameter and very low height differentiation of the stand will be decreasing from now on. Total diverstity of this stand was intermediate at the beginning of the observation and it has slightly decreased with progressive dynamics, which is caused by the absence of growing-up natural regeneration.
PRP 29
The number of individuals of the tree layer is 716 trees.ha -1 (SDI 0.74) when the number of trees has increased more than twice since 1980. At present crown projection area reaches the value of 3.32 ha and crown closure 0.96. The total per hectare number of natural regeneration recruits is 13,320: beech accounts for almost 100% while the share of rowan and Norway spruce less than 1%. Crown projection area and crown closure of natural regeneration are 0.51 and 0.25 ha, respectively. Rowan and spruce recruits are individually admixed.
According to all three calculated structural indices all individuals of the tree layer are distributed randomly on this PRP (Table 3, Fig. 2 ). The random distribution of individuals of the tree layer according to their distance (spacing) is also shown by Ripley's K-function at a tree spacing from 1 m; at a smaller spacing the tree distribution on the plot is aggregated (Fig. 4) . A more detailed analysis of the upper and lower storey indicates that codominant and dominant trees have a random distribution showing an inclination towards regularity (HS = 0.486, PM = 1.088, CE = 1.102). On the other hand, the horizontal structure of shaded and intermediate trees is aggregated at a significance level of 95% (HS = 0.661, PM = 1.658, CE = 0.945). K-function also confirms the aggregated distribution of the lower storey (random distribution to a distance of 3 m). In the last 15 years several tens of trees have passed from the growth stage of younggrowth stand to the small pole stage, which has accentuated the random distribution of trees to a larger extent. Random distribution is expected in several subsequent years. On the contrary, with accelerated disintegration of the upper storey several growing-up groups would create an aggregated structure. Both, the horizontal structure of crown projection centroids and snags is random. Spatial distribution of natural regeneration on this PRP is aggregated according to selected structural indices (Table 3) , and also according to the Ripley's K-function (Fig. 4) .
PRP 29 is characterized by medium vertical diversity that is slowly increasing with ongoing disintegration of the stand and with the onset of a new forest generation. Diameter differentiation index documents a stand of medium and/or low differentiation in 2010. Based on the TM h , this stand can be considered as intermediately differentiated. It is so, Explanatory notes:
because the height of the overwhelming majority of trees distinctly deviates from the mean height of the stand (11.83 m ± 6.14 S.D.), only a few trees have a height around this mean. Both values of structural differentiation show a steady increase (Table 4. ). Total diversity of this forest was intermediate at the beginning of the observation while it is increasing with ongoing disintegration of the stand. With the gradual growing up of further trees to the upper storey a change in the stand structure from uneven structure to relatively rich structure is to be expected.
PRP 27
The total number of individuals of the tree layer per hectare was 768 (SDI 0.79). At present the value of crown projection area is 2.26 ha and that of crown closure is 0.90. The total per-hectare number of natural regeneration recruits is 47,960 while beech accounts for 95%, rowan for 4% and Norway spruce for 1%. Crown projection area of natural regeneration is 0.05 and crown closure of natural regeneration is 0.06 ha.
Spatial pattern of the tree layer is aggregated (Fig.  2, Table 3 ), which is also truth for the natural regeneration on this PRP. The distribution of individuals of the tree layer and natural regeneration indicated by Ripley's K-function is shown on Fig. 5 ; in the spacing range of 5-9 m the tree distribution across the plot is random, at lower and higher spacing aggregated. Distribution of natural regeneration is aggregated by K-function. The horizontal structure of crown projection centroids was random to regular and had much more higher values towards the regularity than tree layer. Standing dead wood on PRP 27 showed again random spatial pattern. Simulations of spontaneous development of the horizontal structure do not reveal any pronounced changes in the future. Table 4 documents the values of structural indices in an autochthonous beech stand with rowan admixture and interspersed spruce on PRP 27. It is a stand of medium vertical diversity that will increase only slightly within 60 years of development with oscillations. Diameter and height differentiation of the stand is relatively low and it will gradually increase in the years to come. These both values of TM index are the lowest determined values on all PRP. Total diversity of this stand reached mean values at the beginning of the observation (irregular structure) while it has slowly been increasing with ongoing disintegration of the stand and subsequent growing-up of natural regeneration.
Results of the PCA analysis are presented in the form of the ordination diagram on Fig. 6 . The first ordination axis explained 53%, the first two axes together 78% and the first four axes together 98% variability of data. The first axis x represented altitude and slope, together with live tree density, tree height and DBH 1.3 . Second axis y represented the course of time (since 1980 till 2040) and average age of stand with canopy (crown projection area and crown closure). Number of trees and altitude were positively correlated (P < 0.05) to one another with aggregation indices (or negatively with Clark-Evans index). Average height of trees was positively correlated with DBH 1.3 and Arten profile index, while these parameters were negatively correlated with Total diversity index. Indicators of canopy and partially height with diameter differentiation are increasing in the course of time, while average age of living trees in the stand is decreasing in the time, namely due to new recruits. The dynamics of parameters in the course of 60 years was remarkable especially for PRP 29 as marks of each record are relatively distant from one another (move from the break up to growing up stage), whereas marks for PRP 31 representing the optimum stage were relatively close together in the diagram.
Discussion
The horizontal distribution of spruce trees in a montane zone, particularly in the timberline area, was studied by many authors (e.g. Holeksa et al. 2007; Pittner and Saniga 2008) , but to the spatial structure of mountain beech forests has been paid less attention (cf. Vacek and Hejcman 2012) . On all investigated plots all used indices (Hopkins-Skellam index, Pielou-Mountford index, Clark-Evans) were in the interval of values indicating aggregated through random to regular distribution of trees. Tree distribution on PRP 31 in biostatic developmental stage showed a tendency of regular spatial pattern (from 3 m). Regular spacing is often the result of competition of neighbouring trees. Regularity in distribution of the upper storey trees was also observed in beech forests in Slovenia (Rugani et al. 2013) . Random distribution of all individuals of the tree layer prevails on PRP 29 situated at a lower altitude, which is result of disintegration of the overstorey. Spatial analyses documented that the upper storey is distributed randomly showing an inclination towards regularity but trees in the lower storeys have a clumped distribution. This spatial pattern was also observed in other natural beech forests (von Oheimb et al. 2005; Commarmot et al. 2005 ). An inclination towards aggregation in the lower storey is a result of the successful aggradation of natural regeneration in canopy gaps (Zeibig et al. 2005) . Shift from significantly aggregated distribution of new recruits through random to regular in large sized trees (DBH 1.3 > 32.5 cm) was also confirmed in near-natural beech forests in France (Wijdeven 2004) . The aggregated spatial pattern of tree layer individuals on PRP 27 at the altitude 1 030 m a.s.l. is the effect of former intensive cattle grazing (Vera 2000) and summit phenomenon with harsh climate conditions. Trees are distinctly aggregated to a distance of 4 m and subsequently from 8 m. In these extreme conditions trees grow in biogroups; natural regeneration of beech is also more successful in the shelter of larger trees. This trend of deviation from random distribution was observed also in the ecotone of the timberline that is accentuated there by vegetative propagation as an adaptation to extreme growth conditions (Doležal and Šrůtek 2002; Vacek et al. 2010b) .
Similarly like in other studies on Fagus sylvatica natural regeneration (Nagel et al. 2006; Vacek et al. 2010b) , the horizontal structure of regeneration was found to be distinctly aggregated. Aggregated spatial pattern of natural regeneration recruits on all PRP was confirmed also by Ripley's K-function indicating clear preference of young beech individuals for specific microsite conditions. Spatial patters of the crown projection centroids were from random to regular. As in our case Schröter (2012) shows that the crowns of beech were more regularly distributed than their trunks (most of the PRP 27), which is caused by phototropism and crown plasticity of beech growth allowing efficient use of space. Snags had during the whole observation period strictly random distribution regardless of altitude. This spatial pattern was founded also in Sarrahn natural beech forest in Germany (von Oheimb et al. 2007) .
The value of Arten-profil index on the studied localities in 2010 ranged from 0.45 to 0.64, which indicates stands of medium to high vertical diversity. The highest value of the Füldner`s index of diameter and height differentiation was reached on PRP 29. The lowest height differentiation (0.16) was found on PRP 31. Similar values of the Arten-profil index (0.44 and 0.45) were determined in 90-years-old beech stands in Slovakia (Cigánka PRP and Zlatá Idka PRP) that were left to spontaneous development (Šte-fančík 2013). Intermediate structure differentiation was also observed on all PRPs according to the Füld-ner`s index of diameter and height differentiation (0.40 and 0.43). PRP 27 under the strong influence of extreme climatic conditions shows rather limited growth of trees (smallest tree dimensions among the studied plots) and relatively low differentiation of diameter structure. The complexity stand diversity index of natural beech fragments in the eastern Krkonoše Mts. indicated that these are stands with mostly irregular structure. Rather regular structure was found out on PRP 31, representing late biostatic developmental phase. The resultant value of reliability of future development simulation depends on the growth simulator error expressing the deviation of a subsequently modelled stand from its actual condition (Pretzsch 2001) . The author of the growth simulator of forest biodynamics SIBYLA (Fabrika 2005 ) stated that at a 95% statistical significance level for the prediction interval of 50 years the mean error of per-hectare standing volume was ± 5% for an unmixed even-aged stand generated from tree data including the coordinates while it was ± 15% (error of mean DBH ± 8%, mean height ± 6%) for an unmixed uneven-aged stand generated from stand data. In our case, considering the complexity of input data, prediction interval of 30 years and age structure of the forest stand composed mostly of one tree species, the maximum magnitude of mean error is estimated to be ± 8%. The comparison of the actual condition of the forest on PRP measured after 10 years and development simulations based on 1980 input data did not reveal any larger differences. These differences were considerably minimized after subsequent prediction by adding new trees reaching the registration limit. Generally, the most significant deviation was observed on PRP 27 because the stand growth on this plot is distinctly influenced by extreme conditions of the summit phenomenon.
No distinct changes have occurred in the horizontal structure on all PRP since 1980 and in the subsequent prediction of stand development by the SIBYLA simulator till 2040. Similar results were confirmed by Korpeľ (1995) , who concluded that extensive disturbances in natural beech stands are very scarce. The values of indices of height variability, structure differentiation and total stand variability on PRP 27 and 29 showed a positive increase during the period of observation. These changes in structural characteristics can be expected from now on as a result of gap dynamics and gradual growing-up of natural regeneration recruits above the registration limit. A pronounced increase in the values of these indices was recorded on PRP 29, e.g. the assumed value of total stand variability in 2040 amounting to 8.4 exceeded the boundary from the originally almost regular stand structure to relatively complex forest structure. In PRP 31, where the simulator predicts the lowest mortality, all indices show a downward tendency. Vertical diversity is the only exception with rather constant values during the observation period.
Our research has revealed the relatively high quality of prediction of the used growth model. Research of Špulák and Souček (2010) also showed only moderate differences in evaluated stand indices between reality and models. However, in fact it is to take into account that the dynamics of beech forests may be influenced by unforeseeable anomalous disturbances of high intensity (Mountford 2002; Closset-Kopp et al. 2006) . On the other hand, beech forests in the montane zone are less exposed to these events compared with lowland beech forests in NW Europe with generally windier climate (Christensen et al. 2005) .
With very pronounced microsite differences that are typical of forest stands in the area of the distinct summit phenomenon or near the timberline (cf. Vacek and Hejcman 2012) also mature stands tend to maintain here the aggregated structure that is typical only for juvenile stages of beech forests in more favourable sites (herb-rich beech forests). The results show, thus spatial pattern of tree layer dependent on the altitude, but also on the number of trees that is closely associated with the development stage.
